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Summary
Background and objectives of ICP IM
Integrated monitoring of ecosystems means physical, chemical and biological 
measurements over time of different ecosystem compartments simultaneously at 
the same location. In practice, monitoring is divided into a number of compartmental 
subprogrammes which are linked by the use of the same parameters (cross-media 
fl ux approach) and/or same or close stations (cause-effect approach).
The International Cooperative Programme on Integrated Monitoring of Air 
Pollution Effects on Ecosystems (ICP IM, www.environment.fi /syke/im) is part of 
the Effects Monitoring Strategy under the Convention on Long-range Transboundary 
Air Pollution (LRTAP Convention). The main objectives of the ICP IM are:
• To monitor the biological, chemical and physical state of ecosystems 
(catchments/plots) over time in order to provide an explanation of changes 
in terms of causative environmental factors, including natural changes, air 
pollution and climate change, with the aim to provide a scientifi c basis for 
emission control.
• To develop and validate models for the simulation of ecosystem responses 
and use them (a) to estimate responses to actual or predicted changes 
in pollution stress, and (b) in concert with survey data to make regional 
assessments.
• To carry out biomonitoring to detect natural changes, in particular to assess 
effects of air pollutants and climate change.
The full implementation of the ICP IM will allow ecological effects of heavy metals, 
persistent organic substances and tropospheric ozone to be determined. A primary 
concern is the provision of scientifi c and statistically reliable data that can be used in 
modelling and decision making.
The ICP IM sites (mostly forested catchments) are located in undisturbed areas, 
such as natural parks or comparable areas. The ICP IM network presently covers 
forty-four sites from sixteen countries. The international Programme Centre is located 
at the Finnish Environment Institute in Helsinki. The present status of the monitoring 
activities is described in detail in Section 1 of this report.
A manual detailing the protocols for monitoring each of the necessary physical, 
chemical and biological parameters is applied throughout the programme (Manual 
for Integrated Monitoring 1998).
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Assessment activities within the ICP IM
Assessment of data collected in the ICP IM framework is carried out at both national 
and international levels. Key recent tasks regarding international ICP IM data have 
been:
• Input-output and proton budgets
• Trend analysis of bulk and throughfall deposition and runoff water chemistry
• Assessment of biological data using multivariate gradient analysis
• Dynamic modelling and assessment of the effects of different emission/ 
deposition scenarios, including confounding effects of climate change 
processes
• Assessment of concentrations, pools and fl uxes of heavy metals
• Empirical thresholds for N deposition (soil C/N ratios, input-output budgets)
• Compilation of available information on cause-effect relationships of forest 
ecosystems
• Calculation of critical loads for sulphur and nitrogen compounds
Conclusions from international 
studies using ICP IM data
Input-output and proton budgets, C/N interactions
Ion mass budgets have proved to be useful for evaluating the importance of various 
biogeochemical processes that regulate the buffering properties in ecosystems. Long-
term monitoring of mass balances and ion ratios in catchments/plots can also serve as 
an early warning system to identify the ecological effects of different anthropogenically 
derived pollutants, and to verify the effects of emission reductions.
The fi rst results of input-output and proton budget calculations were presented in 
the 4th Annual Synoptic Report (ICP IM Programme Centre 1995) and the updated 
results regarding the effects of N deposition were presented in Forsius et al. (1996). 
Data from selected ICP IM sites were also included in European studies for evaluating 
soil organic horizon C/N-ratio as an indicator of nitrate leaching (Dise et al. 1998, 
MacDonald et al. 2002). Soil water fl uxes for budget calculations have been estimated 
using a water balance model and were presented in Starr 1999. More recent results 
regarding the calculation of fl uxes and trends of S and N compounds were presented 
in a scientifi c paper prepared for the Acid Rain Conference, Japan, December 2000 
(Forsius et al. 2001). A scientifi c paper regarding calculations of proton budgets was 
published in 2005 (Forsius et al. 2005).
The budget calculations showed that there was a large difference between the sites 
regarding the relative importance of the various processes involved in the transfer 
of acidity. These differences refl ected both the gradients in deposition inputs and 
the differences in site characteristics. The proton budget calculations showed a clear 
relationship between the net acidifying effect of nitrogen processes and the amount 
of N deposition. When the deposition increases also N processes become increasingly 
important as net sources of acidity.
A critical deposition threshold of about 8-10 kg N ha-1 a-1, indicated by several 
previous assessments, was confi rmed by the input-output calculations with the ICP 
IM data (Forsius et al. 2001). The output fl ux of nitrogen was strongly correlated 
with key ecosystem variables like N deposition, N concentration in organic matter 
and current year needles, and N fl ux in litterfall (Forsius et al. 1996). Soil organic 
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horizon C/N-ratio seems to give a reasonable estimate of the annual export fl ux 
of N for European forested sites receiving throughfall deposition of N up to about 
30 kg N ha-1 a-1. When stratifying data based on C/N ratios less than or equal to 25 
and greater than 25, highly signifi cant relationships were observed between N input 
and nitrate leached (Dise et al. 1998, MacDonald et al. 2002, Gundersen et al. 2006). 
Such statistical relationships from intensively studied sites can be effi ciently used in 
conjugation with regional monitoring data (e.g. ICP Forests and ICP Waters data) in 
order to link process level data with regional-scale questions.
Sulphur budgets calculations indicated a net release of S from many ICP IM sites, 
indicating that the soils are releasing previously accumulated S. Similar results have 
been obtained in other recent European plot and catchment studies. 
The reduction in deposition of S and N compounds at the ICP IM sites, caused by 
the “Protocol to Abate Acidifi cation, Eutrophication and Ground-level Ozone” of the 
LRTAP Convention (“Gothenburg protocol”), was estimated for the year 2010 using 
transfer matrices and offi cial emissions. Implementation of the protocol will further 
decrease the deposition of S and N at the ICP IM sites in western and north western 
parts of Europe, but in more eastern parts the decrease will be smaller (Forsius et al. 
2001).
Results from the ICP IM sites were also summarised in an assessment report 
prepared by the Working Group on Effects of the LRTAP Convention (WGE) (Sliggers 
and Kakebeeke 2004, Working Group on Effects 2004).
ICP IM has contributed to an assessment report on reactive nitrogen (Nr) of the 
WGE. This report has been prepared for submission to the TF on Reactive Nitrogen 
and other bodies of the LRTAP Convention to show what relevant information 
has been collected by the ICP programmes under the aegis of the WGE to allow a 
better understanding of Nr effects in the ECE region. The report contributes relevant 
information for the revision of the Gothenburg Protocol, aiming to abate the emission 
of air pollutants contributing to acidifi cation, eutrophication and ground-level ozone.
It should also be recognized that there are important links between N deposition 
and the sequestration of C in the ecosystems (and thus direct links to climate change 
processes). These questions were studied in the CNTER-project in which data from 
both the ICP IM  and EU/Intensive Monitoring sites were used (Gundersen et al. 
2006). A summary report of the CNTER-results on C/N -interactions and nitrogen 
effects in European forest ecosystems was prepared for the WGE meeting 2007 (ECE/
EB.AIR/WG.1/2007/10).
Trend analysis
Empirical evidence on the development of environmental effects is of central 
importance for the assessment of success of international emission reduction policy. 
First results from a trend analysis of monthly ICP IM data on bulk and throughfall 
deposition as well as runoff water chemistry were presented in Vuorenmaa (1997). 
ICP IM data on water chemistry were also used for a trend analysis carried out by the 
ICP Waters and results were presented in the Nine Year Report of that programme 
(Lükewille et al. 1997).
Calculations on the trends of N and S compounds, base cations and hydrogen ions 
were made for 22 ICP IM sites with available data across Europe (Forsius et al. 2001). 
The site-specifi c trends were calculated for deposition and runoff water fl uxes using 
monthly data and non-parametric methods.
Statistically signifi cant downward trends of SO4, NO3 and NH4 bulk deposition 
(fl uxes or concentrations) were observed at 50% of the ICP IM sites. Sites with higher 
N deposition and lower C/N-ratios clearly showed higher N output fl uxes, and 
the results were consistent with previous observations from European forested 
8  The Finnish Environment  23 | 2009
ecosystems. Decreasing SO4 and base cation trends in runoff waters were commonly 
observed at the ICP IM sites. At some sites in the Nordic countries decreasing NO3 and 
H+ trends (increasing pH) were also observed. The results partly confi rm the effective 
implementation of emission reduction policy in Europe. However, clear responses 
were not observed at all sites, showing that recovery at many sensitive sites can be 
slow and that the response at individual sites may vary greatly.
Data from ICP IM sites were also used in a study of the long-term changes and 
recovery at nine calibrated catchments in Norway, Sweden and Finland (Moldan 
et al. 2001, RECOVER: 2010 project). Runoff responses to the decreasing deposition 
trends were rapid and clear at the nine catchments. Trends at all catchments showed 
the same general picture as from small lakes in Scandinavia.
It was agreed at the ICP IM Task Force meeting in 2004 that a new trend analysis 
should be carried out. The preliminary results were presented in Kleemola (2005) 
and the updated results in the 15th Annual Report (Kleemola et al. 2006). Statistically 
signifi cant decreases in SO4 concentrations were observed at a majority of sites in 
both deposition and runoff/soil water quality. Increases in ANC (acid neutralising 
capacity) were also commonly observed. For NO3 the situation was more complex, 
with fewer decreasing trends in deposition and even some increasing trends in 
runoff/soil water.
Results from several ICPs and EMEP were used in an assessment report on 
acidifying pollutants, arctic haze and acidifi cation in the arctic region prepared for 
the Arctic Monitoring and Assessment Programme (AMAP, Forsius and Nyman 2006, 
www.amap.no). Sulphate concentrations in air generally showed decreasing trends 
since the 1990s. In contrast, levels of nitrate aerosol were increasing during the arctic 
haze season at two stations in the Canadian arctic and Alaska, indicating a decoupling 
between the trends in sulphur and nitrogen. Chemical monitoring data showed that 
lakes in the Euro-Arctic Barents region are showing regional scale recovery. Direct 
effects of sulphur dioxide emissions on trees, dwarf shrubs and epiphytic lichens 
were observed close to large smelter point sources.
Updated results from the trend analysis work of ICP IM are included in the present 
report.
Assessment of biological data using multivariate gradient analysis
The effect of pollutant deposition on natural vegetation, including both trees and 
understorey vegetation, is one of the central concerns in the impact assessment and 
prediction. The fi rst assessment of vegetation monitoring data at ICP IM sites with 
regards to N and S deposition was carried out by Liu (1996). Vegetation monitoring 
was found useful in refl ecting the effects of atmospheric deposition and soil water 
chemistry, especially regarding sulphur and nitrogen. The results suggested that 
plants respond to N deposition more directly than to S deposition with respect to 
vegetation indices.
De Zwart (1998) carried out an exploratory multivariate statistical gradient analysis 
of possible causes underlying the aspect of forest damage at ICP IM sites. These 
results suggested that coniferous defoliation, discolouration and lifespan of needles 
in the diverse phenomena of forest damage are for respectively 18%, 42% and 55% 
explained by the combined action of ozone and acidifying sulphur and nitrogen 
compounds in air.
From the previous ordination exercises it was concluded that the applied statistical 
techniques are capable of revealing underlying structure and possible cause-effect 
relationships in complex ecological data, provided that analysed gradients have 
an adequate range to be interpolated. Since the data obtained were unexpectedly 
poor in the span of environmental gradients, the results of the presented statistical 
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ordination only indicated correlative cause-effect relationships with a limited validity. 
The poor span of gradients could be attributed to the relative scarcity of biological 
effect data and the occurrence of missing observations both in the chemical and 
biological data sets. It was concluded, that the power of the vegetation monitoring 
in impact assessment would increase considerably with improvements in the ICP IM 
data reporting and inclusion of additional sites.
As a separate exercise, the epiphytic lichen fl ora of 25 European ICP IM monitoring 
sites, all situated in areas remote from local air pollution sources, was statistically 
related to measured levels of SO2 in air, NH4
+, NO3
– and SO4
2– in precipitation, annual 
bulk precipitation, and annual average temperature (van Herk et al. 2003, de Zwart 
et al. 2003). It was concluded that long distance transport of nitrogen air pollution is 
important in determining the occurrence of acidophytic lichen species, and constitutes 
a threat to natural populations that is strongly underestimated so far. 
Concepts for biodiversity monitoring and research have been developed in the 
ALTER-Net project (http://www.alter-net.info/).
Dynamic modelling and assessment of the effects 
of emission/deposition scenarios
In a policy-oriented framework, dynamic models are needed to explore the temporal 
aspect of ecosystem protection and recovery. The critical load concept, used for 
defi ning the environmental protection levels, does not reveal the time scales of 
recovery. Priority in the ICP IM work is given to site-specifi c modelling. The role of 
ICP IM is to provide detailed and consistent physical and chemical data and long 
time-series of observation for key sites against which model performance can be 
assessed and key uncertainties identifi ed (see Jenkins et al. 2003). ICP IM participates 
also in the work of the Joint Expert Group on Dynamic Modelling (JEG) of the WGE.
Dynamic models have been developed and used for the emission/deposition and 
climate change scenario assessment at several selected ICP IM sites (e.g. Forsius et 
al. 1997, 1998a, 1998b, Posch et al. 1997, Jenkins et al. 2003, Futter et al. 2008). These 
models are fl exible and can be adjusted for the assessment of alternative scenarios 
of policy importance. The modelling studies have shown, that the recovery of soil 
and water quality of the ecosystems is determined by both the amount and the time 
of implementation of emission reductions. According to the models, the timing of 
emission reductions determines the state of recovery over a short time scale (up to 
30 years). The quicker the target level of reductions is achieved, the more rapidly 
the surface water and soil status recover. For the long-term response (> 30 years), 
the magnitude of emission reductions is more important than the timing of the 
reduction. The model simulations also indicate that N emission controls are very 
important to enable the maximum recovery in response to S emission reductions. 
Increased nitrogen leaching has the potential to not only offset the recovery predicted 
in response to S emission reductions but further to promote substantial deterioration 
in pH status of freshwaters and other N pollution problems in some areas of Europe.
Work is also on-going to predict potential climate change impacts on air pollution 
related processes at the sites. The large EU-project EURO-LIMPACS (www.
eurolimpacs.ucl.ac.uk, 2004-2009) studied the global change impacts on freshwater 
ecosystems. The institutes involved in the project used  data collected at ICP IM and 
ICP Waters sites as key datasets for the modelling, time-series and experimental work 
of the project. A modelling assessment on the global change impacts on acidifi cation 
recovery was carried out in the project (Wright et al. 2006). The results showed that 
climate/global change induced changes may clearly have a large impact on future 
acidifi cation recovery patterns, and need to be addressed if reliable future predictions 
are wanted (decadal time scale). However, the relative signifi cance of the different 
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scenarios was to a large extent determined by site-specifi c characteristics. For example, 
changes in sea-salt deposition were only important at coastal sites and changes in 
decomposition of organic matter at sites which are already nitrogen saturated.
A summary on the use of dynamic modelling forecasts to derive target loads for 
sulphur and nitrogen in atmospheric deposition, including climate change impacts, 
was included in the 16th Annual Report (Hutchins 2007). 
In response to environmental concerns, the use of biomass energy has become an 
important mitigation strategy against climate change. A summary report on links 
between climate change and air pollution effects, based on results of the EURO-LIMPAC 
project, was prepared for the WGE meeting 2008 (ECE/EB.AIR/WG.1/2008/10, 
see http://www.unece.org/env/lrtap/WorkingGroups/wge/27meeting.htm). It 
was concluded that the increased use of forest harvest residues for biofuel production 
is predicted to have a signifi cant negative infl uence on the base cation budgets causing 
re-acidifi cation at the study catchments. Sustainable forestry management policies 
would need to consider the combined impact of air pollution and harvesting practices. 
Pools and fl uxes of heavy metals
The work to assess concentrations, stores and fl uxes of heavy metals at ICP IM is led 
by Sweden. Preliminary results on concentrations, fl uxes and catchment retention 
were reported to the Working Group on Effects (document EB.AIR/WG.1/2001/10). 
Considerable retention of Cd, Cu, Ni, Pb and Zn (80-95 % of total input) was observed 
at some sites with available detailed information. The main fi ndings on heavy metals 
budgets and critical loads at ICP IM sites were presented in the 15th and 16th Annual 
Report (Bringmark et al. 2006, Bringmark and Lundin 2007).  In many national studies 
on ICP IM sites, detailed site-specifi c budget calculations of heavy metals (including 
mercury) have improved the scientifi c understanding of ecosystem processes, 
retention times and critical thresholds. ICP IM sites are also used for dynamic model 
development of these compounds.
Interim report on updated heavy metal budgets and critical loads at ICP IM sites 
are included in the present report.
Compilation of available information on cause-
effect relationships of forest ecosystems
A report summarising available information from the ICP Forests and ICP IM 
programmes on cause-effect relationships of forest ecosystems was prepared by de 
Vries et al. 2002. The results were also offi cially reported to the Working Group on 
Effects in 2002 (EB.AIR/WG.1/2002/15).
Planned activities
• Maintenance and development of a central ICP IM database at the 
Programme Centre.
• Continued assessment of the long-term effects of air pollutants to support the 
implementation of emission reduction protocols, including:
 - Assessment of trends.
 - Calculation of ecosystem budgets, empirical deposition thresholds and site-
specifi c critical loads.
 - Dynamic modelling and scenario assessment.
 - Comparison of calculated critical load exceedances with observed 
ecosystem effects.
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• Calculation of pools and fl uxes of heavy metals at selected sites.
• Assessment of cause-effect relationships for biological data, particularly vegetation.
• Coordination of work and cooperation with other ICPs, particularly regarding 
dynamic modelling (all ICPs), cause-effect relationships in terrestrial systems 
(ICP Forests, ICP Vegetation), and surface waters (ICP Waters).
• Participation in the development of the European LTER-network (Long Term 
Ecological Research network, http://www.lter-europe.ceh.ac.uk/), and the 
related EU-infrastructure project LifeWatch (http://www.lifewatch.eu/).
• Cooperation with other external organisations and programmes, particularly 
Global Terrestrial Observing System (GTOS, http://www.fao.org/gtos/index.
html) and International Long Term Ecological Research Network (ILTER, 
http://www.ilternet.edu/).
• Participation in projects with a global change perspective. 
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1 ICP IM activities, monitoring sites 
 and available data
1.1 
Review of the ICP IM activities in 2008-2009
Meetings 
• The Chairman of the ICP IM Task Force, Lars Lundin, represented the ICP IM 
programme at the 24th ICP Forests Task Force meeting in in Larnaca, Cyprus, 
24-28 May 2008.
• The Programme Manager Martin Forsius participated at the fi rst meeting of 
Task Force on Reactive Nitrogen in Wageningen, The Netherlands, 21-23 May 
2008.
• Lars Lundin took part in the EU project meeting of Cost-effective & 
Environmentally Friendly Energy Systems (CEFES) in Berlin, Germany, 26-27 
June 2008.
• Martin Forsius participated in the LTER-Europe regional network meeting in 
Stara Lesna, Slovak Republic, 18-22August 2008. 
• Lars Lundin and Martin Forsius participated in the Working Group on Effects 
27th session in Geneva, Switzerland, 24-26 September 2008. At this meeting the 
ICP IM programme activities were presented including updated calculations 
on heavy metals at ICP Integrated Monitoring sites, report on links between 
air pollution and climate change effects using site-specifi c data and progress 
in planning the use of integrated monitoring data in European research and 
assessment related to biodiversity. 
• ICP IM programme was represented by Jussi Vuorenmaa at the 24th ICP 
Waters Task Force meeting held in Budapest, Hungary, 6-8 October 2008.
• Lars Lundin represented ICP IM at the ICP Forests Workshop on Future 
Forest Monitoring in Europe 7-8 October 2008 in Hamburg, Germany.
• Martin Forsius took part in the fi nal meeting of the EU/EURO-LIMPACS 
project held in Barcelona, Spain, 13-17 October 2008. 
• Martin Forsius participated in the 6th LTER-Europe meeting, which took place 
in Palma de Mallorca 1-5 December 2008. 
• Martin Forsius attended the LifeWatch Science and Policy Board meeting in 
Istanbul, Turkey, 10-12 December 2008.
• Lars Lundin took part in the meeting of the Extended Bureau of the Working 
Group on Effects in Geneva, Switzerland, 18-19 February 2009.
• Lars Lundin and Ulf Grandin participated in the fi nal conference of ALTER-
Net in Leipzig, Germany, 4-6 March 2009. Interdisciplinary challenges for 
biodiversity and ecosystem research were the main topics of the conference.
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• The seventeeth meeting of the Programme Task Force on ICP Integrated 
Monitoring was organised in Tallinn, Estonia, 7 May 2009. A one-day 
workshop on the assessment of ICP IM data was held prior to the Task Force 
meeting on 6 May.
• Maria Holmberg represented ICP IM at the meeting of ICP Modelling and 
Mapping in Stockholm, Sweden, 11-15 May 2009.
Projects, data issues 
• Data from sites in the ICP IM network were used in the EU-projects 
“Integrated project to evaluate impacts of global change on European 
freshwater ecosystems (EURO-LIMPACS, www.eurolimpacs.ucl.ac.uk)”, 
and “A long-term biodiversity, ecosystem and awareness research network 
(ALTER-Net, http://www.alter-net.info)”. Both projects ended in the 
beginning of 2009.
• A summary report on links between climate change and air pollution effects 
was prepared for the WGE meeting 2008 (ECE/EB.AIR/WG.1/2008/10, see 
http://www.unece.org/env/lrtap/WorkingGroups/wge/27meeting.htm). 
This report was based on results of the EURO-LIMPACS -project.
• After December 1st 2008 the National Focal Points (NFPs) reported their 
2007 results to the IM Programme Centre. The Programme Centre carried out 
standard check up of the results and incorporated them into the IM database.
Scientifi c work in priority topics
• The Programme Centre prepared the ICP IM contribution to the 
"Consolidated report on air pollution effects" of the WGE (see http://www.
unece.org/env/lrtap/WorkingGroups/wge/27meeting.htm).
• The Programme Centre prepared the ICP IM contribution to an assessment 
report on reactive nitrogen (Nr) of the WGE. This report has been prepared 
for submission to the TF on Reactive Nitrogen and other bodies of the LRTAP 
Convention to show what relevant information has been collected by the ICP 
programmes under the aegis of the WGE to allow a better understanding of 
Nr effects in the ECE region. The report contributes relevant information for 
the revision of the Gothenburg Protocol, aiming to abate the emission of air 
pollutants contributing to acidifi cation, eutrophication and ground-level ozone.
• Calculation of pools and fl uxes of heavy metals and relations to critical limits 
and risk assessment (led by the NFP of Sweden) has continued. The present 
Annual Report includes a chapter on this topic.
• Dynamic modelling (led by the NFP of the UK in cooperation with the 
Programme Centre and NIVA, Norway). This work has strong links to 
projects fi nanced by the EU. ICP IM participates in a joint coordinated 
exercise on dynamic modelling together with other ICPs (Joint Expert Group 
on Dynamic Modelling, JEG DM). Priority in the ICP IM work is given to site-
specifi c modelling activities and development/testing of new methodologies 
for assessing the connections between air pollution and climate change. 
As noted above, an ICP IM report on this issue was prepared for the WGE 
meeting 2008.
• Calculation of fl uxes and trends of N and S compounds, base cations and 
acidity (led by the Programme Centre). The present Annual Report includes a 
chapter on this topic.
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• Calculation of critical loads for sulphur and nitrogen compounds (led by the 
Programme Centre). This is a priority of the WGE, and progress on this issue 
is included in the present Annual Report.
1.2 
Activities and tasks planned for 2009-2010
Activities/tasks related to the programme's present objectives, 
carried out in close collaboration with other ICPs/ Task Forces 
According to the 2009 workplan of the Working Group on effects, ICP IM will produce 
the following reports:
• Contribution to Joint Report of the ICPs for the WGE meeting 2009 
• Interim report on updated heavy metal budgets and critical loads at 
integrated monitoring sites (included in the present report, L. Bringmark)
• Interim report on the calculation of critical loads for acidifi cation and 
eutrophication for terrestrial and aquatic ecosystems (included in the present 
report, M. Holmberg)
• Report on trends of sulphur and nitrogen deposition and links to chemical 
and biological effects (included in the present report, J. Vuorenmaa)
Other activities
• Maintenance and development of central ICP IM database at the Programme 
Centre
• Arrangement of the 18th Task Force meeting (2010)
• Preparation of the 19th ICP IM Annual Report (2010)
• Preparation of the ICP IM contribution to assessment reports of the WGE
• Participation in meetings of the WGE, other ICPs and the JEG DM
Activities/tasks aimed at further development of the programme
• Participation in the development of the European LTER-network (Long Term 
Ecological Research network, http://www.lter-europe.ceh.ac.uk/), and the 
related EU-infrastructure project LifeWatch (http://www.lifewatch.eu/)
• Participation in the activities of other external organisations, particularly 
Global Terrestrial Observing System (GTOS) and the International Long Term 
Ecological Research Network (ILTER) 
1.3 
Published reports and articles 2008-2009
Evaluations of international ICP IM data and related publications
Kleemola, S. and Forsius, M. (eds) 2008. 17th Annual Report 2008. Convention on Long-range 
Transboundary Air Pollution, ICP Integrated Monitoring. The Finnish Environment  28/2008,  
Finnish Environment Institute, Helsinki, Finland. 121 p. ISBN 978-952-11-3190-5 (pbk.). ISBN: 978-
952-11-3191-2 (PDF).
"Consolidated report on air pollution effects" of the WGE (see http://www.unece.org/env/lrtap/
WorkingGroups/wge/27meeting.htm).
"Links between climate change and air pollution effects" (ECE/EB.AIR/WG.1/2008/10, 
see http://www.unece.org/env/lrtap/WorkingGroups/wge/27meeting.htm).
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Evaluations of national ICP IM data and 
publications of ICP IM representatives 
Aherne, J., Posch, M., Forsius, M., Vuorenmaa, J., Tamminen, P., Holmberg, M., Johansson M. 2008. 
Modelling the hydro-geochemistry of acid-sensitive catchments in Finland under atmospheric 
deposition and biomass harvesting scenarios. Biogeochemistry 88(3):233–256. ISSN: 0168-2563, 1573-
515X. http://dx.doi.org/10.1007/s10533-008-9206-7 [cited 19.6.2008].
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and Soil Pollution vol 189, number 1-4, p 239-252.
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1.4 
Monitoring sites and data
The following sixteen countries have continued data submission to the ICP IM data 
base during the period 2004 - 2008: Austria, Belarus, Canada, Czech Republic, Estonia, 
Finland, Germany, Iceland, Italy, Latvia, Lithuania, Norway, Russian Federation, 
Spain, Sweden, and United Kingdom. 
Presently the number of ICP IM sites with on-going data submission, data for at 
least part of the period 2003 – 2007, is forty-four, most of the sites are European. An 
overview of the data reported internationally to the ICP IM database is given in Table 
1.1. Additional earlier reported data are available from sites outside those presented 
in Table 1.1 and Figure 1.1. These sites have either been suspended or taken out of 
the IM network and used for regional monitoring. Location of the ICP IM monitoring 
















































































Figure 1.1 Geographical location of ICP IM sites with data from recent years.
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1.5 
National Focal Points (NFPs) and 
contact persons for ICP IM sites
AT/ Austria
NFP: Maria-Theresia Grabner and
Thomas Dirnböck
Federal Environment Agency















Contact for site CA01: Dean S. Jeffries
National Water Research Institute
Canada Centre for Inland Waters
867 Lakeshore Road
P.O.Box 5050




Direction de la recherche forestiere 
Forest Quebec
Ministère des Resources naturelles du Quebec
2700 rue Einstein 




Atmospheric Science Assessment and 
Integration 
Science and Technology Branch - 
Environment Canada 
4905 Dufferin Street
Toronto, Ontario M3H 5T4
CANADA
e-mail: silvina.carou@ec.gc.ca
CZ/ Czech Republic 
NFP and contact for site CZ01:
Milan Váňa
Czech Hydrometeorological Institute 
Observatory Košetice 
CZ-394 22 Košetice 
CZECH REPUBLIC
e-mail: vanam@chmi.cz




















Contact for site DE02 Neuglobsow:
Hubert Schulte-Bisping





Ministry of the Environment
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ES/ Spain
NFP:  Jesús Miguel Santamaría
Laboratorio Integrado de Calidad Ambiental, 
LICA
Dpto. Química y Edafología
Universidad de Navarra
Irunlarrea nº 1, 31008 Pamplona
SPAIN
e-mail: chusmi@unav.es
Contact for site ES02:
Raúl Bermejo Orduna
Laboratorio Integrado de Calidad Ambiental, 
LICA
Dpto de Química y Edafología
Universidad de Navarra






























NFP: Bruno Petriccione 
CONECOFOR Offi ce
National Forest Service (Div. VI)




Contact for Alpine sites IT01, 02: 
Dr. Stefano Minerbi 
Uffi cio Servizi Generali Forestari 





NFP: Algirdas Augustaitis 
Forest Monitoring Laboratory






NFP: Iveta Dubakova 
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NO/ Norway
NFP: Heleen de Wit
Norwegian Institute for Water Research, NIVA
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Critical loads are deposition limits estimated to protect ecosystems from adverse 
biological and ecosystem effects. The lower the critical load, the more sensitive the 
ecosystem is considered to be. Critical loads are used to relate deposition of sulphur 
and nitrogen to biological and ecosystem effects. Integrated assessment of emissions 
and effects of air pollutants relies on critical loads for acidifi cation and eutrophication 
to alert for risks of ecosystem damage. The countries that are parties to the Convention 
on Long-range Transboundary Air Pollution (LRTAP) report critical loads data to the 
Coordination Centre for Effects (CCE), which is the programme centre of the ICP on 
Modelling and Mapping. The CCE also calculates Europe-wide critical loads using its 
background database, compiled to provide a consistent Europe-wide assessment of the 
input data used for critical loads. About ten percent of the area of natural ecosystems in 
the EU27 domain is at risk of acidifi cation and seventy percent at risk of eutrophication 
according to an analysis based on critical loads (Hettelingh et al. 2008). Critical loads 
have also been used to assess impacts of air pollutants in Canada (e.g., Ouimet et al. 
2006), in Northern Asia (Reinds et al. 2008) and in the Arctic (Forsius et al. in press).
This interim report presents estimates of critical loads for acidifi cation and 
eutrophication for terrestrial and aquatic ecosystems at Integrated Monitoring sites. 
Critical loads for acidifi cation of aquatic ecosystems and eutrophication of terrestrial 
ecosystems were calculated for 16 IM sites (BY02, CZ01, CZ02, DE01, EE02, FI01, FI03, 
GB01, GB02, LT01, LT03, LV01, LV02, NO01, NO02, SE04, for the location of the sites 
see Fig. 1.1 in Chapter 1). Empirical critical loads for nutrient nitrogen were compiled 
also for another 10 sites in addition to those mentioned above (AT01, DE02, EE01, FI04, 
FI05, IT10, IT13, SE14, SE15, and SE16). The values of the estimated critical loads for 
the IM sites were compared to the critical loads for acidifi cation and eutrophication 
reported by countries to the CCE (Hettelingh et al. 2008). The comparison was made 
for those EMEP50 grid cells (50x50 km2) in which each IM site is located (UBA 2004). 
The critical loads were also compared to modelled deposition estimates for the year 
2010 and 2020 according to the scenarios of current legislation (CLE) or maximum 
feasible reductions (MFR) (Hettelingh et al. 2008).
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2.2 
Critical loads for acidifi cation
Critical loads for acidifi cation are based on mass balance equations that yield the 
amount of sulphur deposition the ecosystem may receive without the violation of a 
selected soil chemical criterion. The most commonly used criterion for forest soils is 
expressed in terms of the ratio of aluminium to the sum of base cations in soil solution: 
Al/Bc < 1 mol/mol (Bc = Ca + Mg + K; UBA 2004). For aquatic ecosystems the criterion 
is set to protect fi sh and aquatic organisms and relates to the acid neutralizing capacity 
of the lake water, e.g., [ANC]limit = 20 μeq L
-1.
In this report, the Steady-State Water Chemistry (SSWC) model (Henriksen and 
Posch 2001, UBA 2004) was used to calculate critical loads for a selection of 16 IM 
sites for which observations of runoff volume and water chemistry were available. 
Mean values of observed concentrations (sulphate, nitrate, calcium, magnesium, 
potassium, sodium) for the period 2002-2007 were used in the calculations (Table 
A1). The SSWC model is based on the assumption that no adsorption or retention of 
sulphate takes place in the catchment and all sulphate in runoff originates from sea 
salt spray and anthropogenic deposition. The model uses acid neutralizing capacity 
(ANC) as the variable linking water chemistry to sensitive organisms in freshwaters. 
The critical load of acidity is determined on the basis that the acid load should not 
exceed the non-marine, non-anthropogenic base cation input and sources and sinks 
in the catchment minus a buffer to protect selected biota from being damaged (UBA 
2004). The critical load CL(A) (eq ha-1yr-1) is calculated as 
CL(A) = Q([BC*]0 – [ANC] limit ),
from catchment runoff Q (m yr-1), pre-acidifi cation non-marine concentration of base 
cations [BC*]0 (μeq L
-1) (BC=Ca+Mg+K+Na) and an acceptable acid neutralizing 
capacity [ANC]limit (μeq L
-1). The criterion is the lowest acid neutralizing capacity that 
does not damage the biota. The value [ANC]limit = 20 μeq L
-1 was used in this study 
(UBA 2004). The pre-acidifi cation base cation concentration is calculated as 
[BC*]0 = [BC*] – F ([SO4*] - [SO4*]0 + [NO3] ),
where the pre-acidifi cation concentration of sulphate is 
[SO4*]0  = a + b [BC*], 
with a = 8 μeq L-1, b = 0.17 (Henriksen and Posch 2001), and 
F= sin(π/2[BC*]/[S]), 
with [S] = 400 μeq L-1 (Henriksen and Posch 2001). The resulting critical load values 
are given in Table A1 and Figure 2.1. 
At the majority of the sites, 14 of 16, the calculated critical load of acidity CL(A) is 
lower than the lowest critical load of acidity CLmaxS reported for the EMEP50 grid cell 
in which each site is located (Fig 2.1, Table A1). Deposition exceeds critical loads at 12 
of 16 sites when critical loads are compared with the modelled value of deposition of 
sulphur to forested ecosystems for the year 2010 (Hettelingh et al. 2008). This means 
that only 4 sites (25%) can be considered protected from surface water acidifi cation 
in 2010. Seven sites will be protected from surface water acidifi cation in 2020, if S 
deposition decreases according to the MFR scenario.
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For the EU27 domain (~2 400 EMEP50 grid cells, ~1 900 000 km2) about ten percent 
of the ecosystems are estimated to be at risk of acidifi cation in 2010 (Hettelingh et 
al. 2008). The majority of these are terrestrial ecosystems, which are considered less 
threatened by acidifi cation than streams and lakes. Only six countries report critical 
loads of aquatic ecosystems (CA, CH, FI, GB, NO, SE) to the CCE (Hettelingh et al 
2008). 
Figure 2.1 Critical loads of acidity (vertical thick line) calculated as CL(A) (eq ha-1yr-1) for 16 IM sites. Cumulative distribution 
(dotted line) of CLmaxS (eq ha
-1yr-1) for the EMEP grid in which each IM site is located. Vertical thin lines are modelled 
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2.3 
Critical loads for eutrophication
Deposition of nitrogen may have an impact on sensitive ecosystems through multiple 
pathways, including accumulation of nitrogen compounds, resulting in changes of 
species composition and reduction in plant diversity as well as increased susceptibility 
to secondary stress and disturbance factors such as drought, frost, pathogens or 
herbivores (Achermann and Bobbink 2003, Phoenix et al. 2006, Nordin et al. 2006, 
Salemaa et al. 2008). 
Figure 2.2 Critical loads of nutrient nitrogen (vertical thick line) calculated as CLnutN (eq ha
-1yr-1) for 16 IM sites. Cumulative distribution 
(dotted line) of CLnutN (eq ha
-1yr-1) for the EMEP grid in which each IM site is located. Vertical lines are modelled deposition values of 
total N deposition (eq ha-1yr-1) for the year 2010 (Hettelingh et al. 2008).
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Mass balance critical loads for nutrient nitrogen CLnut(N) (eq ha
-1yr-1) are calculated 
with a nitrogen budget equation that describes the amount of nitrogen deposition 
the terrestrial ecosystem may receive without increasing the soil solution nitrogen 
concentration beyond a certain limit [N]acc
 
CLnut(N) = Ni + Nu + Nle(acc) / (1-fde ).
The acceptable nitrogen concentration [N ] acc in soil leachate is set to avoid nutrient 
imbalances or vegetation changes, e.g. 0.2 to 5 mgN L-1 (UBA 2004). In this preliminary 
study, site-specifi c values for [N]acc were chosen to refl ect the sensitivity of part of 
the vegetation of the site (Table A2). The leaching of nitrogen is computed from the 
acceptable nitrogen concentration and runoff Q as
 
Nle(acc) = Q [N]acc.
The site-specifi c denitrifi cation fraction fde was in this study estimated from the 
fraction of peat present in the IM site in question:
fde = 0.1 + 0.7 fpeat
The resulting values of the mass balance critical load of nutrient nitrogen are given 
in Table A2 together with the site-specifi c values used for the denitrifi cation fraction 
and the volume of runoff. At all sites, a value of Ni = 0.5 kg N ha
-1 yr-1 was used for 
the rate of nitrogen immobilisation (UBA 2004). It was assumed that no permanent 
removal of biomass from the integrated monitoring sites occurs, and therefore the 
rate of nitrogen uptake Nu from the soil was set to zero at all sites of this study. 
At all 16 sites examined in this study, the mass balance critical load of nutrient 
nitrogen was lower than the lowest value reported by the countries for all the 
ecosystems in the EMEP50 grid cell in which each site is located. Compared with the 
modelled value of nitrogen deposition for the year 2010, no sites were protected from 
eutrophication (Fig 2.2, Table A2). 
In addition to the above mass balance critical loads of nutrient nitrogen CLnut(N), 
also empirical critical loads of nutrient nitrogen CLemp(N) were compiled for 26 IM 
sites. This analysis was based on the work by Achermann and Bobbink (2003), who 
reported critical loads of nutrient nitrogen from extensive empirical studies on the 
response of terrestrial ecosystems to nitrogen deposition. The empirical critical loads 
of nitrogen are given for EUNIS classes of land cover and an interpretation of these 
classes as applied in a landcover map harmonized for the use within work for the 
LRTAP Convention is presented by de Bakker et al. (2007).
On the basis of information on the vegetation reported for the plots of the Integrated 
Monitoring sites in the IM database, the individual plots were classifi ed into nine 
EUNIS classes (Davies et al. 2004). For each EUNIS class the empirical critical loads 
were assigned according to Achermann and Bobbink (2003) (Table 2.1). The values 
of the CLempN range from 5 to 20 kg ha
-1 or 350 to  1400 eq ha-1.  For each plot within 
the IM sites, the empirical critical loads of nutrient nitrogen are given in Appendix 
Table A3, together with the modelled deposition of total nitrogen for the years 2010 
and 2020 (Hettelingh et al. 2008). 
The empirical critical loads of nitrogen that were assigned in this summary 
according to Achermann and Bobbink (2003) do not in all cases coincide with the 
values submitted by the countries to the CCE. For example Sweden and Finland set 
the empirical critical load of N for EUNIS classes G1, G3 and G4 to 8 kg N ha-1 yr-1 to 
refl ect concern about long term impacts of low levels of nitrogen input (Nordin et al. 
1998, 2006, Holmberg et al. 2008, Kyrklund et al. 2008, Salemaa et al. 2008).
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Exceedances of empirical critical load of nutrient nitrogen at the Integrated 
Monitoring sites are assessed by comparing with modelled deposition estimates for 
the EMEP grid in which the sites are located. Deposition estimates modelled for the 
years 2010 and 2020 are used, with the assumption Maximum Feasible Reductions 
(MFR) and Current Legislation (CLE) concerning emission reductions (Hettelingh et 
al. 2008). The modelled deposition values for 2010 are so similar for CLE and MFR 
that only one value is shown here. Critical loads CLnutN (eq ha
-1yr-1) are given per 
EUNIS class. 
Table 2.1 Empirical critical loads of nitrogen suggested (Achermann and Bobbink 2003) for 
vegetation types per EUNIS class and area of these classes in 26 IM sites, with area allocated for 












D1 Raised and blanket bogs 5 – 10 350 –  700 9 056 11.97 %
D2.2 Montane blanket bogs (Poor fens) 10 – 20 700 – 1400      20 0.03 %
E1.7 Non-Mediterranean dry acid and neutral 
closed grassland
10 – 20 700 – 1400      140 0.19 %
E2.3 Mountain hay meadows 10 – 20 700 – 1400      14 0.02 %
E3.52 Heath ( Juncus) meadows and humid 
(Nardus stricta) swards
5 – 15 350 – 1000      77 0.10 %
F2 Arctic, alpine and subalpine scrub 10 – 20 700 –  1400    340 0.45 %
G1 Broadleaved deciduous woodland 10 – 20 700 –  1400   290 0.38 %
G3 Coniferous woodland 10 – 20 700 –  1400 2 175 2.88 %
G4 Mixed deciduous and coniferous woodland 10 – 20 700 –  1400 63 490 83.92 %
Total area 75 600 100 %
The lower estimate of the empirical critical load of nutrient nitrogen is exceeded in 
17 % of the area of the Integrated Monitoring sites for the years 2010 and 2020 with 
the CLE scenario (Table 2.2). This corresponds to no exceedance in 11 (42 %) of the 
IM sites (Table 2.3). With the assumption of Maximum Feasible Reductions (MFR) 
for the year 2020, the lower estimates of empirical critical loads of nitrogen are not 
exceeded at any Integrated Monitoring sites (Table 2.2).
Table 2.2 Number of IM sites with ecosystems protected from acidifi cation or eutrophication. 
Deposition according to CLE 2010, CLE 2020 and MFR 2020 emission scenarios compared with 
calculated values of critical loads of acidity CL(A), mass balance critical loads of nutrient nitrogen 
CLnutN and empirical loads of nitrogen CLempN .    
Nr of sites in 
calculations CLE 2010 CLE 2020 MFR 2020
CL(A) 16 4 4 7
CLnutN 16 0 0 0
CLempN 26 11 11 26
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Figure 2.3 Empirical values of critical loads of nitrogen (vertical thick line) CLempN (eq ha
-1yr-1) for 26 IM sites. Cumulative distribution 
of CLempN (eq ha
-1yr-1) for the EMEP grid in which each IM site is located (dotted line). Vertical thin lines are modelled values of total 
N deposition (eq ha-1yr-1) for the year 2010 (Hettelingh et al. 2008). 
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The countries that are parties to the LRTAP Convention have reported values of critical 
loads to the CCE. For the whole EU27 domain (~2 400 grid cells, ~1 900 000 km2) about 
seventy percent of the ecosystems are estimated to be at risk of eutrophication in 2010 
(Hettelingh et al. 2008). 
The 26 EMEP grid cells in which the IM sites are located represent a subset of 
this area (Table 2.3). With modelled deposition for the year 2010, 83 % of the area 
is protected from eutrophication in terms of the empirical values of critical loads of 
nutrient nitrogen (Table 2.3), while only 43 % of the area is protected when deposition 
is compared to mass balance values of nutrient nitrogen critical loads. For 2020, with 
nitrogen emission reductions according to the current legislation (CLE), a slightly 
larger area is protected, while a clearly larger area is protected if maximum feasible 
reductions are assumed (Table 2.3).
The ecosystems of the 26 EMEP grid cells in which the IM sites are located are to 
a large extent already protected against acidifi cation (Table 2.3): 87 % of the area is 
protected in 2010 and 89 % or 96 % in 2020, assuming current legislation reductions 
or maximum feasible reductions. 
Table 2.3 Percentage of area protected of ecosystems in the 26 EMEP grid cells in which IM sites 
are located. Modelled deposition according to CLE 2010, CLE 2020 and MFR 2020 emission 
scenarios compared with critical loads values CLempN, CLnutN and CLmaxS reported to CCE by the 
parties to the LRTAP Convention.       
Area (ha) of 
ecosystems 




in EMEP grid 
cells CLE 2010 CLE 2020 MFR 2020
CLempN 36 256 12 638 74 % 83 % 100 %
CLnutN 30 691 15 241 41 % 43 % 75 %
CLmaxS 39 448 14 101 87 % 89 % 96 %
The critical load values reported by the countries that were used to compile Table 
2.3 include forest ecosystems, which in most cases are less sensitive to acidifi cation 
than streams and lakes, and forests with high rates of removal of nutrient nitrogen 
with permanent extraction of biomass by forest management and other means. The 
IM sites are therefore in most cases more sensitive to acidifi cation and eutrophication 
than the other ecosystems in the surrounding EMEP50 grid.
2.4 
Conclusions
On the basis of the critical loads of acidifi cation of aquatic ecosystems calculated at 
16 Integrated Monitoring sites, only 4 sites (25%) can be considered protected from 
surface water acidifi cation in 2010. Seven sites will be protected from surface water 
acidifi cation in 2020, if S deposition decreases according to the MFR scenario. The 
critical loads of acidifi cation reported by the countries for the EMEP50 sites in which 
the IM sites are located include values for terrestrial ecosystems, and are therefore 
higher than those calculated in this study. 
No permanent removal of nitrogen in biomass takes place at the IM sites and 
therefore the calculated mass balance critical loads of nutrient nitrogen are lower than 
those reported by the countries for all the ecosystems in the EMEP50 grid cell in which 
each site is located. Compared with the modelled value of nitrogen deposition for the 
year 2010 or 2020, no sites are protected from eutrophication (mass balance CL(N)). 
The empirical critical loads of nitrogen are higher than the mass balance 
nutrient nitrogen critical loads. Eleven sites of 26 in the analysis are protected from 
eutrophication (empirical CL(N)) and all sites will be protected in 2020 if nitrogen 
deposition decreases according to the MFR scenario.
31The Finnish Environment  23 | 2009
The next phase of the work on critical loads for IM sites involves revising the 
assignment of EUNIS classes to the sites, as well as accounting for site-specifi c 
modifying factors to the critical loads. The National Focal Points and the representatives 
for the sites will be invited to assist with these activities. A further option for future 
tasks is to use the generalized fi rst order acidifi cation balance (FAB) model (Posch et 
al. 2007) to calculate aquatic critical loads of acidifi cation. 
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Appendix to Chapter 2
Table A1 Critical loads of acidity CL(A) (eq ha-1yr-1) for 16 IM sites with information on data used 
for the calculations and values of modelled sulphur deposition to forested ecosystems for the 




Mg Na K NO3 Q CL(A)
S deposition (eq ha-1yr-1)
2010 2020
μeq l-1 μeq l-1 μeq l-1 μeq l-1 μeq l-1 mm yr-1 eq ha-1yr-1 CLE MFR
BY02 Berezina br.       531 3736 11 40 58 19 735 426 419 93
CZ01 Anenske 
povodi                
1244 1362 345 72 61 5 41 476 397 131
CZ02 Lysina                        231 134 72 14 4 42 23 614 520 184
DE01 Forellenbach    59 210 84 19 116 93 173 436 381 149
EE02 Saarejärve          328 2973 142 41 62 14 465 279 261 74
FI01 Valkea-
Kotinen                
128 174 30 8 2 19 24 185 176 57
FI03 Hietajärvi          17 94 43 10 1 26 35 194 193 48
GB01 Allt'a 
Mharcaidh              
28 46 39 4 2 82 54 189 159 97
GB02 Afon Hafren     47 61 15 1 19 268 118 302 257 138
LT01 Aukstaitija          846 3726 14 10 12 7 256 355 331 100
LT03 Zemaitija           653 1875 30 11 12 15 241 395 361 133
LV01 Rucava                        443 2953 6 9 26 15 444 361 337 127
LV02 Zoseni 
(Taurene)              
185 2631 51 10 6 16 471 307 283 85
NO01 Birkenes           51 29 19 0 8 84 17 242 235 94
NO02 Kårvatn                       8 36 9 2 2 184 53 82 79 60
SE04 Gårdsjön F1       79 38 39 5 4 47 20 306 307 135
Table A2 Critical loads of nutrient nitrogen CLnutN (eq ha
-1yr-1) for 16 IM sites with information 
on data used for the calculations and values of modelled total nitrogen deposition to forested 








N deposition (eq ha-1yr-1)
2010 2020
CLE MFR
BY02 Berezina br.                   0.1 19 1.5 39 708 699 338
CZ01 Anenske povodi                0.0 5 5.2 37 1138 970 540
CZ02 Lysina                        0.0 42 0.8 42 1210 1041 655
DE01 Forellenbach                  0.0 93 0.5 50 1269 1105 699
EE02 Saarejärve                    0.1 14 2.0 38 510 484 223
FI01 Valkea-Kotinen                0.3 19 1.3 39 341 316 146
FI03 Hietajärvi                    0.4 26 1.0 41 219 207 81
GB01 Allt'a Mharcaidh              0.0 82 3.3 231 557 481 330
GB02 Afon Hafren                   0.1 268 0.3 80 916 829 619
LT01 Aukstaitija                   0.0 7 3.9 37 708 680 418
LT03 Zemaitija                     0.0 15 2.0 38 874 825 542
LV01 Rucava                        0.2 15 1.7 38 846 795 481
LV02 Zoseni (Taurene)       0.3 16 1.5 39 557 522 269
NO01 Birkenes                      0.0 84 0.5 49 689 631 330
NO02 Kårvatn                       0.0 184 0.3 65 204 185 124
SE04 Gårdsjön F1                   0.0 47 0.8 43 804 755 410
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Table A3 Empirical values for critical loads for nitrogen at IM sites with modelled nitrogen 
deposition for the years 2010 and 2020 according to emission reduction scenarios Current 
Legislation (CLE) and Maximum Feasible Reductions (MFR) (Hettelingh et al. 2008).
Plot Vegetation 













AT01 Mixed mountain forest 
(beech), prod. forest (spruce) 
100 G4 10 - 20 16 15 9
BY02 Boggy meadow                                               11.7 D1 5 - 10 10 10 5
BY02 Forests (dark coniferous, 
small deciduous)          
83.3 G4 10 - 20 10 10 5
CZ01 Alder (Alnus)                                    1.1 G1 10 - 20 16 14 8
CZ01 Ash (Fraxinus excelsior)                    0.4 G1 10 - 20 16 14 8
CZ01 Beech (Fagus sylvatica)                         2 G1 10 - 20 16 14 8
CZ01 Birch (Betula)                                     0.4 G1 10 - 20 16 14 8
CZ01 Douglas fi r (Pseudotsuga 
menziezii)            
0.1 G3 10 - 20 16 14 8
CZ01 Fir (Abies alba)                                   0.7 G3 10 - 20 16 14 8
CZ01 Larch (Larix decidua)                        1.5 G1 10 - 20 16 14 8
CZ01 Lime (Tilia)                                    0.1 G1 10 - 20 16 14 8
CZ01 Maple (Acer)                                     0.1 G1 10 - 20 16 14 8
CZ01 Oak (Quercus)                                  0.1 G1 10 - 20 16 14 8
CZ01 Pine (Pinus sylvestris)                           16.8 G3 10 - 20 16 14 8
CZ01 Poplar (Populus)                                0.2 G1 10 - 20 16 14 8
CZ01 Spruce (Picea excelsa, Abies)         76.5 G3 10 - 20 16 14 8
CZ02 Even-aged norway spruce 
stands 
70 G3 10 - 20 17 15 9
CZ02 Young norway spruce and 
grass, mainly Calamagrostis 
villosa 
30 G3 10 - 20 17 15 9
DE01 Decidious predom. Beech 
(Fagus sylvatica) &ash,maple
31 G1 10 - 20 18 15 10
DE01 Spruce (Picea abies)                       69 G3 10 - 20 18 15 10
DE02 Beech (and pine)                                100 G4 10 - 20 15 14 10
EE01 Scotch pine                                       100 G3 10 - 20 14 13 7
EE02 Fens                                                        8 D1 5 - 10 7 7 3
EE02 Mesophile meadow                      11 D1 5 - 10 7 7 3
EE02 Seminatural conifer and 
mixed conifer forests               
68 G3 10 - 20 7 7 3
FI01 Conifer dominant                44.1 G3 10 - 20 5 4 2
FI01 Conifer/deciduous                45.7 G4 10 - 20 5 4 2
FI03 Conifer dominant               31.8 G3 10 - 20 3 3 1
FI03 Deciduous/conifer             18.9 G4 10 - 20 3 3 1
FI04 Conifer dominant                  60.9 G3 10 - 20 2 2 1
FI04 Conifer/deciduous                  20.3 G4 10 - 20 2 2 1
FI05 Conifer dominant                   33.6 G3 10 - 20 1 1 0
FI05 Deciduous/conifer              53.1 G4 10 - 20 1 1 0
GB01 Azalea-lichen heath                                         34 F2 5 - 15 8 7 5
GB01 Grass communities                                           12 E1 15 - 25 8 7 5
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Plot Vegetation 













GB01 Heather moor                                                24 D1 5 - 10 8 7 5
GB01 Lichen-heather moor                     26 D1 5 - 10 8 7 5
GB01 Native pinewood                                             4 G3 10 - 20 8 7 5
GB02 Acidic grassland                                            5.7 E1 15 - 25 13 12 9
GB02 Conifers (sitka and norway 
spruce)                          
50.3 G3 10 - 20 13 12 9
GB02 Heaths                                                      21.5 E3.52 10 - 20 13 12 9
GB02 Mesotrophic mires                                           5.7 D2.2 10 - 20 13 12 9
GB02 Montane festuca                                             3.9 E2.3 10 - 20 13 12 9
IT10 Picea abies, Abies alba                           100 G3 10 - 20 16 15 8
IT13 Picea abies, Larix decidua                        100 G4 10 - 20 18 17 10
LT01 Birch                                                       1.3 G1 10 - 20 10 10 6
LT01 Mixed forest stands                                         7.4 G4 10 - 20 10 10 6
LT01 Pine                                                        34.6 G3 10 - 20 10 10 6
LT01 Spruce                                                      43.9 G3 10 - 20 10 10 6
LT01 Spruce-pine                                                 12.7 G3 10 - 20 10 10 6
LT03 Birch                                                       3 G1 10 - 20 12 12 8
LT03 Black alder                                                 0.2 G1 10 - 20 12 12 8
LT03 Pine                                                        3 G3 10 - 20 12 12 8
LT03 Spruce                                                      40.8 G3 10 - 20 12 12 8
LT03 Spruce-pine                                                 50.6 G3 10 - 20 12 12 8
LV01 Betula pendula                                      36 G1 10 - 20 12 11 7
LV01 Picea abies                                        14 G3 10 - 20 12 11 7
LV01 Pinus sylvestris                                     49 G3 10 - 20 12 11 7
LV02 Birch                                                9 G1 10 - 20 8 7 4
LV02 Picea abies                                          31 G3 10 - 20 8 7 4
LV02 Pinus sylvestris                                   60 G3 10 - 20 8 7 4
NO01 Aspen                                            3.6 G1 10 - 20 10 9 5
NO01 Birch                                         4 G1 10 - 20 10 9 5
NO01 Norway spruce                                      78.5 G3 10 - 20 10 9 5
NO01 Pedunculate oak                                    2.7 G1 10 - 20 10 9 5
NO01 Rowan                                              0.5 G1 10 - 20 10 9 5
NO01 Scots pine                                         10.7 G3 10 - 20 10 9 5
NO02 Humid scots pine and alpine 
birch               
18 G4 10 - 20 3 3 2
SE04 Birch                                                       19 G1 10 - 20 11 11 6
SE04 Norway spruce of Vaccinum 
myrtillus type                     
67 G3 10 - 20 11 11 6
SE04 Pine                                                        14 G3 10 - 20 11 11 6
SE14 Mixed norway spruce-scots 
pine of Vacc.myrt. type 
100 G3 10 - 20 9 8 5
SE15 Norway spruce forest of 
Vacc.myrt. type       
100 G3 10 - 20 6 5 3
SE16 Norway spruce+spruce-pine 
forests of Vacc.myrt. type
100 G3 10 - 20 2 2 1
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3 Trend assessment of bulk deposition, 
 throughfall and runoff water/soil 
 water chemistry at ICP IM sites
Figure 3.1 Annual emissions of SO2, NOx and NH3 (kilotonnes per year) in the European countries 1980-2006. Emissions 
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Due to the implementation of successful emission reduction measures, the emissions 
of sulphur and nitrogen in Europe have substantially decreased during the past 30 
years. The protocols of the Convention on Long-range Transboundary Air Pollution 
(UNECE LRTAP Convention) and legislation of the European Union have been key 
international instruments causing this positive development. The emission control 
programmes have been most successful for SO2.  Following a slight decrease during 
the 1980s, the emission reduction agreements resulted in accelerated decrease of 
SO2 emissions during the 1990s (Fig. 3.1). The total European emission reduction 
of SO2 between 1980 and 2000 was 67%, with that between 1990 (the base year for 
the Gothenburg protocol) and 2000 being 48% (Lövblad et al. 2004). Total European 
emissions of N compounds exhibited a gradual decrease during the 1990s. The 
offi cially reported reduction in European NOx and NH3 was approximately 20-25 
% between 1990 and 2000 (Lövblad et al. 2004). During the 2000s the decrease of 
emissions in Europe has slowed down: emissions of SO2 , NOx and NH3 in Europe 
have declined by 21, 5 and 7%, respectively, between the years 2000 and 2006 (Fig. 3.1).
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Implementing a European air pollution reduction policy is costly. For example, 
integrated assessment model studies estimate a total cost of approximately 59 
billion € per year to further reduce European S, N and volatile organic carbon (VOC) 
emissions to below 1990 levels by 2010 (Amann et al. 2000).This would result in 
signifi cant cuts in emissions of SOx (75%), NOx (50%), NH3 (15%) and VOC (53%) in 
the EU-countries, compared to 1990. It is, therefore, essential that scientifi c evidence 
is available for assessing the success of international emission reduction policy as 
well as the ecosystem benefi ts of these large investments.
First results from a trend analysis of monthly ICP IM data on bulk and throughfall 
deposition as well as runoff water chemistry were presented in Vuorenmaa (1997). ICP 
IM data on water chemistry have also been used for a trend analysis carried out by the 
ICP Waters and presented in the Nine Year Report of the programme (Lükewille et al. 
1997) and joint ICP Waters and ICP IM report on review of the Gothenburg protocol 
(Wright et al. 2007). Calculations on the trends of N and S compounds, base cations 
and hydrogen ions for ICP IM sites were also presented in Forsius et al. (2001). The 
most recent extensive trend assessment for ICP IM sites was presented in Kleemola 
and Forsius (2006) based mostly on data from the period 1993 – 2003.
As monitoring and evaluation of long-term changes of air pollution effects on 
ecosystems are one of the main objectives of the ICP IM programme, it was agreed 
at the ICP IM Task Force meeting in 2007 that trend analysis should be carried out 
regularly. The results from the new trend assessment for the years 1993-2006 are 





Monthly concentrations and fl uxes for bulk deposition (PC), throughfall deposition 
(TF) and runoff water (RW) or soil water (SW, if no RW data was available) were used 
in the trend assessment for the individual ICP IM sites. Bulk deposition, throughfall 
deposition and output (runoff) fl uxes were calculated from the quality and quantity 
of water using mean monthly values for water fl uxes and chemical analyses. 
The length of record reported to the ICP IM data base varies between sites, some 
records start already in 1988, some as late as late 1990s. In order to make a meaningful 
comparison between sites, the earlier assessment (Kleemola and Forsius 2006) was 
performed using data for the period 1993 – 2003. In the present assessment the trends 
were updated by adding a new three-year period to the records i.e. period 1993- 
2006 was chosen for statistical calculations. Sites and records were accepted for the 
statistical analyses, when i) data started no later than 1999 and continued at least until 
2005, and ii) data were available for at least 7 out of 14 years (1993 – 2006).
Trends were evaluated for non-marine (* denotes non-marine fraction) SO4* and 
(Ca+Mg)*, H+, NO3, and ANC (acid neutralising capacity). NH4 was also included but 
the results are not presented due to the limited number of sites with available data. 
ANC was calculated as Σ (base cations) – Σ (acid ions) equal to Σ (Ca + Mg + Na + K 
+ NH4) - Σ(SO4 + NO3 + Cl), where units are μeq l-1. Also alkalinity, DOC/TOC and 
NTOT were included in the analyses where available, but suffi cient amount of data 
were available only for alkalinity in runoff water chemistry. 
Thirty-three sites had enough data at least for bulk deposition to perform the trend 
analysis (Fig. 3.2, Table 3.1). Out of these sites twenty-nine sites had suffi cient data for 
throughfall. From three sites two separate plots with different dominant species were 
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included in the analysis adding the total number of throughfall plots to thirty-two 
(Table 3.2). Twenty-two sites had either Picea abies or Pinus sylvestris as the dominant 
species for the whole site or for at least one throughfall measurement plot. Twenty-
seven sites had data for either runoff water or soil water (Table 3.3).
Average yearly fl uxes were also calculated as the average of last fi ve years with 
available data (normally 2002-2006) in order to reduce yearly variability (Tables 3.4 - 3.6).
3.2.2 
Statistics
At each site trends in chemical parameters and fl uxes outlined above were analysed 
using the non-parametric Seasonal Kendall test (Hirsch et al. 1982) applied to monthly 
data. The SKT has become a standard method for detecting site-specifi c trends in 
water quality data, largely because it can accommodate the non-normality, missing 
data, and seasonality that are common in data of this type, but is nevertheless a 
powerful (in a statistical sense) trend test (Loftis and Taylor 1989). 
The magnitude of trend was estimated by the Theil-Sen slope estimation method, 
which is equivalent to Sen slope estimator (Sen 1968). This method estimates the slope 
by calculating the median of all between-year differences in the variable of interest. 
The unit of the slope estimate for monthly based data is μeq l-1 yr-1 for concentrations 
and meq m-2 yr-1 for fl uxes. For the analysed parameters, a calculated positive value 
of test statistics S indicates an increasing slope (increasing values with time), and a 
negative value indicates a decreasing slope. A statistical signifi cance threshold of p 
< 0.05 was applied to the trend analysis. i.e providing at least 95 % confi dence that 



























































Figure 3.2 Location 
of ICP IM sites 
included in the trend 
analysis.
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3.3 
Results
Increasing and decreasing slopes for statistically signifi cant (p<0.05) trends for SO4*, 
(Ca+Mg)* , NO3, H
+ concentrations and ANC analysed in precipitation chemistry (PC) 
(Fig. 3.3 a-e), throughfall (TF) (results presented only for sites/ measurement plots 
where dominant species is Picea abies or Pinus sylvestris) (Fig. 3.4 a-e) and runoff water 
chemistry (RW) or soil water chemistry (Fig. 3.5 a-e) are presented in the following 
graphs. The slope estimates and signifi cance levels (* p<0.05, ** p<0.01, *** p<0.001) 
are given in tables 3.1, 3.2 and 3.3 for PC, TF and RW/SW respectively. Average yearly 
fl uxes calculated from the last fi ve year period with data (normally 2002-2006) are 



























































Negative trendPositive trend No significant trend Not enough data or no data
PC SO4
Figure 3.3a Increasing and decreasing slopes (triangles indicating the direction) for statistically signifi cant 
(p<0.05) trends for SO4* concentrations in precipitation chemistry.



























































PC Ca   Mg
Negative trendPositive trend No significant trend Not enough data or no data
Figure 3.3b Increasing and decreasing slopes (triangles indicating the direction) for statistically signifi cant 
(p<0.05) trends for (Ca+Mg)* concentrations in precipitation chemistry. 




























































Negative trendPositive trend No significant trend Not enough data or no data
Figure 3.3c Increasing and decreasing slopes (triangles indicating the direction) for statistically signifi cant 
(p<0.05) trends for NO3 concentrations in precipitation chemistry.




























































Negative trendPositive trend No significant trend Not enough data or no data
Figure 3.3d Increasing and decreasing slopes (triangles indicating the direction) for statistically signifi cant 
(p<0.05) trends for H+ concentrations in precipitation chemistry.




























































Negative trendPositive trend No significant trend Not enough data or no data
Figure 3.3e Increasing and decreasing slopes (triangles indicating the direction) for statistically signifi cant 
(p<0.05) trends for ANC in precipitation chemistry.
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Negative trendPositive trend No significant trend Not enough data or no data
Figure 3.4a Increasing and decreasing slopes (triangles indicating the direction) for statistically signifi cant 
(p<0.05) trends for SO4* concentrations in throughfall chemistry for sites/measurement plots where dominant 
species is either Picea abies or Pinus sylvestris. 















































TF Pinaceae Ca   Mg
Figure 3.4b Increasing and decreasing slopes (triangles indicating the direction) for statistically signifi cant (p<0.05) 
trends for (Ca+Mg)* concentrations in throughfall chemistry for sites/measurement plots where dominant species 
is either Picea abies or Pinus sylvestris. 















































TF Pinaceae  NO3
Figure 3.4c Increasing and decreasing slopes (triangles indicating the direction) for statistically signifi cant 
(p<0.05) trends for NO3 concentrations in throughfall chemistry for sites/measurement plots where dominant 
species is either Picea abies or Pinus sylvestris. 
















































Figure 3.4d Increasing and decreasing slopes (triangles indicating the direction) for statistically signifi cant 
(p<0.05) trends for H+ concentrations in throughfall chemistry for sites/measurement plots where dominant 
species is either Picea abies or Pinus sylvestris. 
















































Figure 3.4e Increasing and decreasing slopes (triangles indicating the direction) for statistically signifi cant 
(p<0.05) trends for ANC in throughfall chemistry for sites/measurement plots where dominant species is 
either Picea abies or Pinus sylvestris. 



























































RW   SW SO4
Figure 3.5a Increasing and decreasing slopes (triangles indicating the direction) for statistically signifi cant (p<0.05) 
trends for SO4* concentrations in runoff water or soil water chemistry.



























































RW   SW Ca   Mg
Figure 3.5b Increasing and decreasing slopes (triangles indicating the direction) for statistically signifi cant 
(p<0.05) trends for (Ca+Mg)* concentrations in runoff water or soil water chemistry.



























































RW   SW NO3
Figure 3.5c Increasing and decreasing slopes (triangles indicating the direction) for statistically signifi cant 
(p<0.05) trends for NO3 concentrations in runoff water or soil water chemistry. 



























































RW   SW H
Figure 3.5d Increasing and decreasing slopes (triangles indicating the direction) for statistically signifi cant 
(p<0.05) trends for H+ concentrations in runoff water or soil water chemistry.



























































RW   SW ANC
Figure 3.5e Increasing and decreasing slopes (triangles indicating the direction) for statistically signifi cant 
(p<0.05) trends for ANC in runoff water or soil water chemistry.


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































SO4*          
(meq m-2 
yr-1)
(Ca + Mg)* 
(meq m-2 
yr-1)
NO3         
(meq m-2 
yr-1)
H+             
(meq m-2 
yr-1)
ANC           
(meq m-2 
yr-1) Comment
AT01 PC BULK 1618 31.50 44.71 43.76 15.22 23.92
BY02 PC WET 642 22.46 22.80 14.20 4.45 8.67
CA01 PC BULK 1153 42.03 21.19 33.85 27.38 -14.82
CZ01 PC BULK 643 24.16 12.46 26.46 8.47 5.00
CZ02 PC BULK 1009 28.54 9.67 33.68 28.36 -14.49
DE01 PC BULK 1279 24.59 16.44 34.46 29.05 2.77
DE02 PC BULK 557 16.35 12.92 21.37 8.51 -0.37
DK01 PC BULK
DK03 PC BULK
EE01 PC BULK 531 16.32 10.49 11.43 8.77 6.57
EE02 PC BULK 655 18.43 37.94 15.07 2.57 29.01
FI01 PC BULK 637 10.72 3.72 10.88 12.11 -8.78
FI03 PC BULK 622 9.81 3.85 8.96 10.82 -8.17
FI04 PC BULK 477 5.70 1.12 4.95 8.32 -5.90
FI05 PC BULK 358 3.66 1.05 2.67 5.09 -2.86
GB01 PC BULK 803 29.16 7.44 9.42 8.99 -5.72
GB02 PC BULK 2196 26.4 5.35 23.04 18.49 0.058
IE01 PC BULK
IS01 PC BULK
IT01 PC BULK 862 19.04 32.52 23.52 2.74 26.04
IT02 PC BULK 659 15.6 36.36 21 2.64 23.76
IT03 PC BULK 922 15.64 32.88 20.03 1.88 26.98
IT06 PC BULK 1850 66.72 93.26 35.11 18.52 40.24
IT07 PC BULK 822 31.21 42.59 40.81 2.98 31.39
IT08 PC BULK 1641 41.02 66.27 45.47 10.72 27.88
IT09 PC BULK 1048 33.38 71.32 29.58 4.56 40.76
IT10 PC BULK 1336 28.48 55.99 32.62 3.64 34.13
IT12 PC BULK 956 40.25 72.20 30.78 7.15 29.78
LT01 PC BULK 658 18.00 16.58 6.23 0.01 ANC-Mg
LT02 PC BULK
LT03 PC BULK 761 24.17 28.46 12.59 -5.14 ANC-Mg
LV01 PC BULK 706 25.51 30.23 24.85 7.86 23.45
LV02 PC BULK 626 13.09 23.67 13.74 2.48 23.43
NL01 PC BULK
NO01 PC BULK 1546 36.86 6.96 45.57 32.51 -28.59





SE04 PC BULK 1139 25.03 9.16 32.00 18.35 -7.92
SE14 PC BULK 891 19.40 6.98 27.04 18.46 -12.26
SE15 PC BULK 892 15.92 5.03 18.64 14.75 -9.93
SE16 PC BULK 677 10.15 5.00 9.46 8.81 -4.58
Table 3.4 Yearly average deposition calculated as the average of last fi ve years (normally 2002 – 2006), units meq m-2 yr -1.









SO4*          
(meq m-2 yr-1)
(Ca + Mg)*  
(meq m-2 yr-1)
NO3           
(meq m-2 yr-1)
H+              
(meq m-2 yr-1)




AT01 TF Picea abies 1231 33.82 65.07 71.71 62.25 49.62
AT01 TF Fagus sylvatica 1011 25.10 63.92 49.70 39.83 52.68
CZ01 TF Picea abies 416 57.94 40.17 50.84 67.59 34.79
CZ02 TF Picea abies 796 61.60 40.59 30.05 27.74 25.07
DE01 TF Picea abies 992 29.07 43.44 41.80 27.85 42.25
DE01 TF Fagus sylvatica 1115 26.13 23.70 39.69 35.13 24.24
DE02 TF Fagus sylvatica 404 22.53 40.61 27.19 22.69 32.35
EE01 TF Pinus sylvestris 243 19.27 36.74 21.98 11.59 43.30
EE02 TF Picea abies 463 31.48 55.37 9.04 9.30 61.43
EE02 TF Pinus sylvestris 531 28.27 63.41 18.03 11.55 51.74
FI01 TF Picea abies 421 21.37 20.72 8.01 2.92 23.37
FI03 TF Pinus sylvestris 473 11.46 11.59 6.02 5.83 7.80
FI04 TF Picea abies 433 7.98 8.00 2.91 1.52 6.64
IT01 TF Picea abies 654 18.41 50.55 31.37 17.05 52.56
IT02 TF Quercus 
pubescens
550 18.70 75.71 38.09 19.80 81.51
IT03 TF Picea abies 701 12.07 36.59 16.36 13.00 46.93
IT06 TF Fagus sylvatica 1518 90.38 148.85 30.85 22.67 157.25
IT07 TF Quercus cerris 705 48.10 94.74 70.07 81.34 94.86
IT08 TF Fagus sylvatica 1217 43.56 103.22 58.95 35.39 81.17
IT09 TF Quercus cerris 871 34.63 92.40 36.29 15.76 76.71
IT10 TF Picea abies 1095 24.70 76.39 36.42 20.79 82.79
IT12 TF Quercus sp. 709 70.59 146.33 54.01 18.91 111.69
LT01 TF Pinaceae 494 20.70 14.14 8.70 8.59 ANC-Mg
LT03 TF Picea abies 583 65.70 28.34 15.61 -1.72 ANC-Mg
LV01 TF Pinus sylvestris 516 24.56 51.47 29.75 14.30 36.70
LV02 TF Pinus sylvestris 594 22.24 42.45 11.90 12.34 50.24
NO01 TF Picea abies 1338 35.89 22.21 29.41 27.29 26.67
NO02 TF Pinus sylvestris 1294 6.44 1.50 4.58 10.39 8.25
SE04 TF Picea abies 768 32.12 35.76 41.27 21.57 33.20
SE14 TF Picea abies 553 15.46 16.02 12.77 8.16 24.91
SE15 TF Picea abies 571 19.40 22.45 10.77 5.31 32.25
SE16 TF Picea abies 540 7.37 5.08 5.13 3.69 3.10
Table 3.5 Yearly average throughfall fl ux (for each species) calculated as the average of last fi ve years (normally 2002 – 2006), 
units meq m-2 yr -1. 
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Area code Subprogramme Runoff (mm)
SO4*          
(meq m-2 yr-1)
(Ca + Mg)*           
(meq m-2 yr-1)
NO3             
(meq m-2 yr-1)
H+              
(meq m-2 yr-1)




CA01 RW 723 67.72 92.55 12.75 1.22 32.30
CZ01 RW 71 103.54 104.31 5.03 0.01 25.65
CZ02 RW 493 103.95 57.40 2.34 39.18 -11.56





EE02 RW 170 46.97 510.65 9.20 0.01 482.82
FI01 RW 220 24.63 39.32 0.47 6.62 23.82
FI03 RW 344 7.81 33.27 0.42 0.21 43.77
FI04 RW
FI05 RW














LT01 RW 77 66.65 288.18 1.10 0.00 221.73
LT02 RW
LT03 RW 185 140.33 313.20 2.49 0.02 174.56
LV01 RW 148 56.29 366.41 3.80 0.01 306.51
LV02 RW 210 39.65 491.85 1.05 0.03 464.50
NL01
NO01 RW 1023 54.99 24.63 9.54 22.01 -19.80





SE04 RW 552 48.67 22.43 2.05 28.83 -7.82
SE14 RW 301 42.02 40.42 0.59 9.81 23.50
SE15 RW 433 44.73 15.67 0.28 12.27 -7.64
SE16 RW 401 15.71 32.47 0.31 1.66 35.04
Table 3.6 Yearly average runoff/soil water fl ux calculated as the average of last fi ve years (normally 2002 – 2006), 
units meq m-2 yr -1
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3.4 
Discussion
The most evident result of this trend analysis is that statistically signifi cant downward 
trends of SO4 concentrations in both open fi eld (PC) and throughfall deposition 
(TF) were observed at most sites. Thus, the regional-scale decrease of acid sulphate 
deposition observed in the earlier trend assessment (Kleemola and Forsius 2006) has 
continued to decline. Of the 34 sites with suffi cient data for trend analysis of PC, all 
the sites had downward trend direction in SO4 concentrations and  28 sites had a 
statistically signifi cant decrease in SO4 (Table 3.1). For the throughfall concentrations 
in deposition, the corresponding numbers were 28 plots (representing 25 different 
sites) of a total of 32 plots (representing 29 sites) (Table 3.2). This refl ects a clear 
response to decreasing emissions. The trend results for the calculated fl uxes of SO4 
were similar but the number of statistically signifi cant results is lower than for the 
concentration based assessments. The annual decrease of SO4 concentrations in both 
PC and TF in the period 1993-2003 (Kleemola and Forsius 2006) were deeper than in 
the present period 1993-2006. Median annual change in 1993-2003 for SO4 in PC and 
TF was -1.49 μeq l-1 yr-1 and -3.37 μeq l-1 yr-1, respectively, and in 1993-2006 -1.36 μeq 
l-1 yr-1 and -2.76 μeq l-1 yr-1, respectively. This trend probably correlates with that of 
S emissions: decreasing trend of European SO2 emissions has slowed down during 
the 2000s (Fig. 3.1). 
Much fewer statistically signifi cant trends were observed for NO3 than SO4 in 
both PC and TF deposition. The overall situation is also quite different with both 
decreasing and increasing trends detected. For the PC deposition the number of sites 
with statistically signifi cant decrease in NO3 concentration was six (out of 34), while 
the corresponding number for TF deposition was three sites. Signifi cant increases in 
PC NO3 concentrations were not detected, but one site showed an increase in TF NO3 
concentration (DE01). For the estimated PC NO3 fl uxes there were two signifi cant 
decreasing trends and one increasing trend. Regarding the TF NO3 fl uxes, three 
signifi cant decreasing and two increasing trends were detected (Table 3.2).
As detected for SO4 deposition, the acidity of the deposition showed decreasing 
trends on the regional scale. The number of sites with decreasing PC H+ concentrations 
was 19 (14 for H+ fl ux). One site (LT03) showed signifi cant increase in both PC 
concentration and deposition fl ux. For TF H+ concentrations the corresponding 
number was 17 plots representing 16 sites (16 plots representing 15 sites for H+ 
fl uxes). No sites showed a signifi cant increase in H+ concentrations and fl uxes in TF. 
The TF deposition better refl ects the total load to the ecosystem because it accounts 
for changing also in the dry deposition fraction. The observed increasing trends in H+ 
concentrations are apparently at least partly explained by a neutralising base cation 
deposition pattern, showing decrease in concentrations at almost 70% of the sites. 
This has affected the acidity load despite the regional-scale decrease in SO4. From the 
acidifi cation point of view it is crucial to follow the development of both the acidifying 
and neutralising components in the deposition.
As expected, the results concerning runoff/soil waters showed a more mixed 
response than in deposition. This is due to the complex interaction of soil and 
catchment processes affecting the concentrations and fl uxes of the different ions. 
Several processes, including desorption and excess mineralisation, regulate the long-
term response of soil S, and a differentiation is necessary for predictions of future 
responses (Markewitz et al. 1998, Prechtel et al. 2001, Forsius et al. 2005). Of the 27 
sites with the available concentration data fulfi lling the data criteria for the trend 
detection, statistically signifi cant decreasing SO4 trends were observed at 18 sites, 
and increasing trend at one site (CZ01) (Table 3.3). Due to missing data on soil/
runoff water fl uxes, fl ux estimates could be made only at 19 sites. Of these 19 sites, 
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seven showed a signifi cant decrease in SO4 fl ux, and one site an increase. Previous 
input-output budget studies for forested sites in Europe (including ICP IM sites) have 
indicated that many sites show a net release of sulphate indicating that forest soils are 
now releasing S that has accumulated in the past (de Vries et al. 2001, 2003, Prechtel 
et al. 2001, Forsius et al. 2005). As a general trend, the sites are thus responding to 
the decreasing S deposition.
NO3 concentrations in runoff/soil water show mixed response with both decreasing 
and increasing trends. Statistically signifi cant decreasing trends were observed at 6 
sites and increasing trend at one site (DE01) (Fig. 3.5c, Table 3.3). The increasing 
trend for NO3 concentrations at DE01 is due to excess mineralization after spruce 
(Picea abies) dieback due to bark beetle attack in 1996-1997. Regarding the NO3 fl uxes, 
the corresponding numbers were four decreasing and fi ve increasing trends. Few 
signifi cant temporal trends have generally been observed regarding annual NO3 
concentrations in runoff waters in background areas in Europe (Forsius et al. 2001, 
Wright et al. 2001). This has been assumed to be the result of two opposing factors 
(Wright et al. 2001): continued high deposition above the empirically derived 10 kg 
N ha-1 yr-1 threshold would tend to increase N saturation and leaching of NO3 to 
runoff waters, whereas the recent decline in N deposition in large parts of Europe 
should result in decreased NO3 concentrations in runoff. The C/N ratio in soil 
organic matter, combined with estimates of N deposition, has been proposed as one 
of the key indicators for assessing the risk for N leaching in forested systems (e.g. 
MacDonald et al. 2002). However, Majer et al. (2005) and Oulehle et al. (2008) have 
reported widespread decline of nitrate in surface waters of the Czech Republic. They 
hypothized that this may be due to strongly decreased acid sulphate deposition 
resulted in increased immobilization of nitrogen by improved tree health and uptake 
and enhanced microbial activity. This is in agreement with observed decreasing nitrate 
RW trends in Czech ICP IM catchments (CZ01 and CZ02).
The ANC (buffering capacity) of the acid sensitive ICP IM sites in northern Europe, 
shows increasing trends (Fig. 3.5e), thus indicating recovery from acidifi cation. More 
signifi cant trends in concentrations are observed regarding ANC (increasing 13 out 
of 27 sites) than H+ (pH) (decreasing H+  6 out of 26 sites), due to the fact that ANC 
generally is a more stable indicator and less affected by short term processes. Many of 
the ICP IM sites are not sensitive to acidifying deposition (e.g. Forsius et al. 2005), so 
large changes in acidity variables are not to be expected at these sites. In any case, the 
increasing ANC trends for the acid-sensitive sites indicate recovery from acidifi cation 
and thus a positive response to the decreasing emissions.
Regarding further work, more data would be needed especially on soil water 
fl uxes to allow calculation of element fl uxes. Water fl uxes could be estimated by using 
e.g. the model WATBAL (Starr 1999), previously used on some ICP IM sites. Input-
output budget calculations allow more detailed assessment of the long-term effects/
sustainability of the ecosystems than concentration based studies. Quality control of 
the data and consistency checks of the derived results should be carried out by the 
National Focal Points as a key part of the assessment activity.
3.5 
Concluding remarks
These new results of the ICP IM sites confi rm the previously observed regional-scale 
decreasing trends of S in deposition and runoff/soil water. Acid-sensitive ICP IM 
sites in northern Europe also indicate recovery from acidifi cation.
The situation regarding N is quite different with few decreasing trends in 
deposition and both decreasing and increasing trends in runoff/soil water. Critical 
load calculations for Europe also indicate exceedances of the N critical loads over 
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large areas. The N problem thus clearly requires continued attention as a European 
air pollution issue.
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4.1 
Introduction
Heavy metals (HM) are still accumulating in the ecosystems and deposition mainly 
exceeds runoff meaning increased storage in soils and biological compartments. 
Exceedance of critical loads may deteriorate the soil biological activity with impacts 
on e.g. vegetation growth. Higher storage of heavy metals in soils could also lead 
to enhanced leaching with detrimental effects in the freshwater systems. This could 
especially be the case at disturbance of the soil by e.g. forest logging machinery. 
Mercury has been observed to be carried combined to organic material to watercourses 
and in this process also methylation occurs forming the most hazardous Hg forms. 
The priority heavy metals in the Convention protocols are Pb, Cd and Hg with Hg 
being of increased interest during recent years. However, also other HM are included 
such as As, Cr, Cu, Mo, Ni, Zn and V.
Investigations on heavy metals in deposition, vegetation, soils and stream water 
have taken place over the years with intentions to extend the understanding of 
conditions and relevant processes in ecosystems. Information is gathered for 
calculation on budgets, critical loads and levels and further to provide possibilities 
to carry out modelling work. At the ICP IM sites, investigations have been targeting 
pools and fl uxes (Aastrup et al. 1995, Munthe et al. 1998, Ukonmaanaho et al. 2001). 
Deposition has provided increased concentrations to levels that are estimated to cause 
damage at 5-25% of European sites (Rademacher 2001).
During recent years HM deposition has decreased and this is especially evident for 
Pb and Cd while Hg also in humus layer remains on almost similar high levels during 15 
years. In 2007, the ICP IM reported conditions regarding HM with information from the 
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IM programme and provided information on trends for HM in the forest fl oor humus 
layer as well as on input/output budgets for years included in the period 1997-2003 
(Bringmark and Lundin 2007). Conditions have now changed and this report provides 
updated values for later periods, especially showing conditions during 2006-2007 in 
relation to earlier periods and also including critical loads calculations. Included are 
budgets for earlier and recent periods, comparisons of calculated critical loads and site 
estimations of HM deposition and scientifi c assessment of soil biological sensitivity.
4.2 
Methods
In the comparison of critical loads to catchment budgets, the ICP IM sites furnish a 
most suitable situation with monitoring of the most relevant compartments of the 
ecosystem. Estimations of HM pools are possible and the determinations of input 
by deposition and litterfall provide the total values to be compared with measured 
runoff values in the discharging streams. In deposition calculations, throughfall with 
the additional amounts of HM from litterfall compared to throughfall only, probably 
provides the most relevant input values despite the fact that some elements could be 
included in the internal circulation with vegetational uptake.
The ICP IM database includes relevant information for 15 sites for the investigated 
periods1997 to 2007 and these sites relate to eight countries; Austria (1), Czech Republic 
(2), Germany (1), Finland (2), Latvia (2), Lithuania (2), Sweden (4) and United Kingdom 
(1) (Bringmark et al. 2006). Site conditions vary from sorted sediments on sedimentary 
bedrock, tills on igneous bedrock in morainic landscapes, igneous bedrock without 
glacial sediments, limestone areas to areas including substantial peatlands and lakes. 
Despite differences and infl uences of special geological conditions, the catchment 
approach provides suitable calculation possibilities.
4.3 
Results, changes in soils
Heavy metal concentrations in deposition, forest fl oor and also other compartments 
have changed over the time period 1985 to 2005. Mainly decreasing trends have been 
observed for Pb and Cd but more stable conditions for Hg. This could also be seen 
in the humus layer of the southern Swedish IM site Aneboda (SE14) where strong 
decreases in concentrations have been observed while Hg is fairly stable (Fig. 4.1).
Concentration in humus layer, μg g-1
Pb    Cd, Hg
100    1
50    0,5
0  
 1985 1990 1995 2000 2005 2010 Year
Pb
Cd
Hg Figure 4.1 Pb, Cd and 
Hg concentrations in 
the humus layer of 
the Swedish IM site 
Aneboda during the 
period 1985 to 2005.
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4.4 
Catchment mass balances for Cd, Pb and Hg 
Although heavy metals are not mandatory variables in the ICP IM programme, it is 
quite satisfactory that metal data were reported to the Programme Centre from 16 sites 
for 2006-2007. This includes the new Spanish site ES02. Some countries report metals 
in deposition and runoff of catchments, others focus on biomass fractions while some 
sites have both types of data. In Swedish sites, heavy metals are investigated during 
one-year campaigns which are repeated after some years. Unfortunately, only few 
sites report Hg, although Hg constitutes a persistent factor in ecosystems. DE02 is 
running an EMEP station with measurements of mercury in air and in precipitation 
in annual campaigns. Mean value for Hg in air in 2004-2005 was 1.7 ng m-3 at this 
site, which is close to the hemispheric background value also reached in Scandinavian 
stations (Munthe et al 2007). 
Due to new data for 2006-2007 earlier catchment budgets can be revised. Input 
and output for different periods are compared at selected sites (Tables 4.1 and 4.2). 
Deposition of Cd and Pb reduced drastically at AT01, CZ01, and SE14, while other 
sites showed no or only a weak change or in the case of CZ02 even an increase. Metal 
deposition in the latter site is still remarkably low in spite of high elevation and high 
precipitation. Most sites are strongly accumulating metals on the catchment scale and 
showing no change in this pattern. CZ02 has permanently larger outfl ow than input, 
although the missing litter component of deposition might tip the balance. The Hg 
mass balance of the Swedish sites indicates pronounced accumulation, a situation that 
remains unchanged for the different periods. However, the Hg load is diminishing.
Table 4.1 Deposition and outfl ow of Hg from IM catchments at different periods (mg m-2yr-1), 
TF = throughfall, RW = runoff.
IM site 
subprogramme Mercury
SE14 Aneboda 1997 2006
TF Picea 0.025 0.011
RW 0.003 0.003
SE15 Kindla 1999 2007
TF Picea 0.018 0.011
RW 0.0011 0.0008
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Table 4.2 Deposition and outfl ow of Cd and Pb from IM catchments at different periods 
(mg m-2yr-1), BD = bulk deposition, TF = throughfall, RW = runoff.
IM site 
subprogramme Cadmium Lead
AT01 Zöbelboden 2000-2002 2006-2007
BD 1.4
TF Picea 3.0 0.6
TF Fagus 1.2 0.5
RW 0.04 1 ) 
CZ01 Anenske 
Povodi
1996-1997 2006-2007 1996-1997 2006-2007
BD 0.23 0.07 6.5 1.4
TF Picea 0.14 0.04 1.9 0.9
RW 0.014 0.007 0.021 0.053
CZ02 Lysina 2002-2003 2006-2007 2002-2003 2006-2007
BD 0.03 0.05 0.4 0.8
TF Picea 0.04 0.04 0.6 0.7
RW 0.15 0.22 1.2 1.0
LV01 Rucava 1997-1998 2006-2007 1997-1998 2006-2007
BD 0.11 0.07 2.7 2.3
TF Picea 0.33 0.03 2.7 1.5
RW 0.05 0.01 2) 0.11 0.152)
FI01 Valkea-
Kotinen
1996-1999 2006-2007 1996-1999 2006-2007
BD 0.023 0.021 0.75 0.49
RW 0.008 0.004 0.12 0.15
SE14 Aneboda 1997 2006 1997 2006
TF Picea 0.053 0.025 1.4 0.72
RW 0.012 0.014 0.29 0.32
SE15 Kindla 1999 2007 1999 2007
TF Picea 0.040 0.040 1.2 0.90
RW 0.044 0.027 0.21 0.16
1) carstic conditions making estimate complicated              2) 2007 only 
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4.5 
Critical loads for Cd, Pb, and Hg
Critical loads for cadmium, lead and mercury were calculated according to the 
Mapping Manual (ICP Modelling and Mapping 2004) for 14 ICP IM sites. These 
were sites for which deposition and export by stream water were estimated for one 
or more of the three priority metals. The data which was needed for the calculations 
were all non-metal data, which means that calculations could have been performed 
also for other sites, but comparison with measured metal deposition was considered 
to be of main interest meaning that the 14 sites were most relevant.
The critical loads have been calculated for soil biology by assuming a steady state 
situation, i.e. that input equals output. Other end points are possible, such as metal 
contents in crops or fi sh or effects in aquatic systems. It is evident from metal fl ux 
measurements for IM catchments that conditions are generally far from steady state, 
but soil layers might sometimes be closer to input/output balance. The starting point 
is critical levels, which for Cd and Pb are expressed as the level of free ions in the 
soil solution.
Values on critical free ions are pH-dependent concentrations generalized from a 
large number of chronic population-level effects found in the literature for plants, 
soil invertebrates and soil microbial processes. The total concentration of metal in the 
solution associated with critical levels of free ions can be determined. In the manual 
there are provisions for obtaining the critical total concentration by means of look-
up tables. Reading these tables requires knowledge of soil organic matter (OM), pH, 
dissolved organic carbon (DOC) and sometimes other variables. Critical leaching is 
calculated by combining critical total concentration with water fl ux. By assuming 
harvest of biomass as zero in ICP IM sites, critical leaching equals critical load under 
the steady state condition.
For mercury a simpler model is applied based on a critical concentration in the 
forest humus layers. Hg is extremely tightly bound to the organic matter and by 
setting a similar Hg/org ratio for solid and dissolved organic matter, Hg in the 
solution is calculated. Critical load follows the same assumptions of no harvest and 
steady state (input=output) as for Cd and Pb.
All calculations were made by use of soil and hydrological variables estimated at 
the IM sites. The Mapping Manual has provisions for dummy values when data is 
lacking, but in such cases we refrained from making calculations in this study. 
4.6 
Results of critical load calculations
The values for critical loads obtained at ICP IM sites do generally not agree with 
regionally mapped values published for Europe by the Coordination Center for 
Effects (CCE) (Slootweg et al 2005). This is not to be expected as the 5th percentile of 
most sensitive sites have been considered in each EMEP grid cell in the mapping and 
several different end points for effects have been considered. In the Swedish part of 
the mapping, it was possible to compare results on critical loads for soil biology in 
forests with the assessments at IM sites. For Cd, IM critical loads were much higher 
than in the mapping. For Pb, our results showed higher values for humus layers but 
agreed well with the mapping exercise for the mineral soil. The mineral soil turned 
out to be more sensitive than the humus layers for Pb (Table 4.4). For this reason the 
former was used in the Swedish mapping of critical loads of Pb. For Hg, Swedish IM 
results agreed well with the mapping exercise published by CCE. 
In the comparison of sites, Nordic boreal sites and the calcareous AT01 turned out 
to be more sensitive than Central European sites in general (Tables 4.3, 4.4 and 4.5). 
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The critical load calculated with the mass balance method refl ects leaching at critical 
concentrations. Large water fl ows as well as high metal solubility would increase 
values of critical loads. In the way calculations are made, sensitivity for Pb effects 
were much stronger in the mineral soil than regarding humus layers of the forest 
fl oor. In biological experiments on metal effects, upper parts of humus layers are more 
sensitive than lower parts. There is no consideration of humus quality in the critical 
load models, which might lead to underestimated critical loads for the mineral soil.
Throughfall (TF) is an important deposition pathway for Cd, while Pb and Hg have 
high affi nity to litter as well. At least for the latter two metals, uptake by vegetation 
from the soil is negligible. This means that TF + LF (LF = litter fall) can be used as a 
joint measure of deposition input. The deposition of Cd was much lower than the 
critical load at all sites, which agrees with the results of the European mapping. For 
Pb, deposition may sometimes exceed critical load for the most sensitive soil layer, 
especially when TF+LF is the measure of input. For Hg, deposition estimates only 
exist for Swedish sites. Critical loads are exceeded at these sites, especially as regarded 
TF+LF.
Table 4.3 Critical loads for Cd (g ha-1yr-1) at IM sites with comparison to deposition estimates by 












LV01 16 12 2.6
LV02 17 12 1.6
SE04 12 11
SE14 8 7 0.5
SE15 8 8 0.4
SE16 8 7 0.3
1) beech / spruce
Table 4.4 Critical loads for Pb (g ha-1yr-1) at IM sites with comparison to deposition estimates by 
throughfall (TF) and litterfall (LF). Critical loads were calculated for humus horizon (O-hor) and 
upper layer of mineral soil (min.hor).
IM site
Critical load Deposition
O-hor min.hor TF LF+TF
AT01 29 12 / 30 1)






LV01 141 56 20
LV02 157 51 11
SE04 41 23
SE14 69 11 14 28
SE15 39 13 14 24
SE16 73 8 7 11
1) beech / spruce
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Table 4.5 Critical loads for Hg (g ha-1yr-1) at IM sites with comparison to deposition estimates by 
throughfall (TF) and litterfall (LF). Critical loads were calculated for humus horizon (O-hor).











SE04 0.07 0.20 0.46
SE14 0.18 0.18 0.40
SE15 0.07 0.13 0.25
SE16 0.17 0.08 0.12
   
4.7 
Conclusions
Budgets and balances showed mainly decreased deposition and runoff for Hg while 
Pb and Cd for the ICP IM sites showed an unclear pattern. Deposition decreased in 
several cases but outfl ow both decreased and increased.
The critical loads of Cd were higher than deposition while this was not as evident 
for Pb where deposition exceeded critical loads for sensitive soil layers. For Hg, based 
on Swedish for Europe rather remote areas, critical loads were exceeded, especially 
if TF+LF was used as input.
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